Introduction
Cholangiocarcinoma (CCA) is a type of liver cancer that occurs in the epithelial lining of the biliary tract. Globally, it is the second most rapidly increasing malignant liver tumor. [1] [2] [3] Although surgical resection is an effective treatment for CCA, 4-6 the patient survival ratio remains very poor. The unmet medical needs for CCA include diagnosis at advanced stage, dismal prognosis leading to death of the patients within 1 year, inversely associated with the development of CCA. However, the biologic mechanism underlying prevention of CCA is plausible, especially by the COX-2 inhibitor.
14 Although chronic use of high doses of selective COX-2 inhibitors such as coxibs, rofecoxib, and valdecoxib was associated with increased cardiovascular risk, celecoxib is still in use owing to an improved safety profile (Figure 1) . Nevertheless, as COX-2 overexpression is associated with poor prognosis, celecoxib may still be of value for short-term treatment of COX-2-expressing tumors as a single drug or in combination with classic chemotherapeutic drugs or radiotherapy. 15 The diagnosis tool positron emission tomography (PET) imaging provides metabolic information on drugs that have been tagged with second-period isotopic atoms, for example, 11 C, 13 N, 15 O, and 18 F. The introduction of an 18 F atom moderately alters parent structure owing to its similar Van der Waals radius as hydrogen. 16 Thus, the physiologic function of the parent compound can be retained. 18 F is a positron emitter (t 1/2 =109.7 min; β + , 99%) with a coherent calibrating feature that can be coupled with PET to perform quantitative analysis, which is a unique characteristic among the current clinical imaging systems. PET imaging provides superior temporal and spatial resolution compared with single photon emission tomography and allows deduction of the concentration profile of the desired compound. 18 F with an appropriate half-life has been labeled in celecoxib at different positions ( Figure 1 ). However, there were a number of difficulties rendering the biologic results such as rapid in vivo defluorination 2-4, [17] [18] [19] unsuccessful in vivo blocking results 5, 20, 21 and lower specific binding affinity 6. 22 11 C-Labeled celecoxib analogs 7, 8 were more metabolically stable in vivo owing to the presence of ortho-fluoro group to resist its metabolism to form the carboxylic group. 23, 24 However, instead of a diaza five-member ring, the structurally altered imidazole ring may bias the molecular recognition. Other structural variation includes substitution of an ortho-chloro substituent for a meta-trifluoromethyl group. In addition, the short half-life of 11 C may not be suitable for tracing longer metabolism. With respect to the pharmacokinetics that can timely evaluate a potential candidate molecule discovered from library screening, prompt tagging of 18 F on this parent molecule would be meaningful. Hence, we are interested in preparing a fluoro-labeled celecoxib through a facial fluorination without changing structure. Compared with the nucleophilic fluorination that requires a tedious procedure for preparing the precursor, electrophilic radiofluorination on an arom ring of parent molecule is more straightforward. The in vivo PET imaging profile generated by tagged COX-2 inhibitors such as [ 18 F]F-celecoxib could describe the affinity of celecoxib toward cancer; this information would be useful for quick assessment of its clinical potency. Figure 2 ). 25 The radiofluorination of celecoxib using a fluorine gas mixture of [
Results and discussion
18 F]F 2 and F 2 produced the mixture of ortho-[
18 F]F-1, which could be primarily purified using highperformance liquid chromatography (HPLC; Figure 3 ). The radiochemical yield of the obtained fluorinated product ortho-[ 18 F]F-1 was 9%. After the radioactive decay of 18 F, the cold counterpart ortho-19 F-1 was analyzed spectroscopically. A parallel cold fluorination was conducted with CH 3 COOF to generate ortho-F-1 for further spectroscopic comparison. The structures and purities were identified using nuclear magnetic resonance (NMR) and mass spectrometry. All the tagged samples were purified using preparative HPLC for the bioassays. However, the fluorination was not effective for the arom trans-resveratrol, a selective COX-1 inhibitor. It should be more reactive than celecoxib because of the electron-donating effect by the hydroxyl group. However, the relatively less reactive intermediate CF 3 COOF rather than the more reactive CH 3 COOF may address this result ( Figure 2B ).
Tagged ligand-binding study
A common binding assay for COX is based on the inhibition of the conversion of a 14 C-labeled arachidonic acid to a 14 C-prostanoid metabolite in the presence of competitors (Table 1) . The binding assay for celecoxib was conducted by Uddin et al, 19 who reported IC 50 values of 4 and 0.03 µM for COX-1 and COX-2, respectively. An indirect enzymelinked immunosorbent assay of PGE2 formation resulted in IC 50 values of 3.7 µM (COX-1) and 0.06 µM (COX-2). 26 Fenbufen analog is one of the NSAIDs and can be easily radiolabeled with isotopes for studying direct binding assay. Hence, the existing data from fenbufen analogs using direct binding and indirect binding assay can be compared with that of celecoxib. Their IC 50 values are shown in Table 1 . 27 Direct assessment of the substrate-enzyme formation is relatively uncommon. 28, 29 Previous assay of the binding affinity (K d ) was performed with HPLC coupled with a gel filtration column. The tagged ligand-enzyme binding complex was differentiable from the free ligand. 30, 31 Because of the limited aqueous solubility of ortho-[
18 F]F-1, it was not suitable to use reversed-phase HPLC for binding study. Hence, a nonpolar liquid phase and a polar solid support, for example, silica cartridge, were employed to redistribute the polar tagged ligand-COX molecule and the nonpolar ligand ( Figure 4) . 32 Through the nonlinear regression fit, the IC 50 values of ortho-[
18 F]F-1 were determined to be 39.0 and 24.5 nM for COX-1 and COX-2, respectively. Our results showed a relatively inferior COX-2 selectivity (1.63) compared with the data from other groups. Interestingly, one of the direct binding assays using in vitro tracer accumulation study
The binding affinity of the tracer ortho- [ 18 F]F-1 was also assessed using the COX-2-overexpressed CCA cells 33 and the usual CCA cells. The methods for preparing COX-2-overexpressed cell line have been reported before. 34 The accumulation profiles of the two cells were different in the time course between 10 and 60 min ( Figure 5 ). Hence, this temporal information was incorporated to the subsequent in vitro blocking study. The quick decline of the tracer uptake after 30 min may be due to the lipophilic metabolite resulting in a quick equilibrium across the cell membrane.
In vitro cellular binding study
Because the binding affinity of Coxibs to tumor cells is mainly challenged by their nonspecific binding to carbonic anhydrase, in vitro blocking study of ortho-[
18 F]F-1 was carried out to clarify its interaction specificity. The tracer accumulation by the COX-2-overexpressed cell was expected to vary upon the addition of the competitor of celecoxib with various concentrations. Thus, the two competitive inhibition profiles for the two cells were obtained ( Figure 6 ). These various concentrations were generated from a serial dilution from mother liquor. However, the lipophilic celecoxib limits the choice of solvents. The most concentrated sample comprises 3% dimethyl sulfoxide (DMSO) and the rest of the dilutions contain 1% DMSO. Also, the tracer sink was diluted with H 2 O to lower DMSO concentration to 1/400. The toxic effect of DMSO is, therefore, negligible throughout both the tracer accumulation and the competitive inhibition studies. The two inhibition curves thus generated are interpolated to provide IC 50 of 0. Figure 7A ). Induction of CCA through administering thioacetamide (TAA) has been well characterized. 35 Oral administration of TAA in drinking water to male Sprague Dawley (SD) rats results in a multistep model of biliary dysplasia and invasive CCA, which closely mimics human CCA. The development is fairly reproducible using this carcinogenesis model, with a 50% yield rate of invasive CCA by the 16th week; by the 22nd week, the yield of invasive CCA is 100%. The PET studies were initially performed using a dynamic mode from 0 to 60 min with a 10-min period to acquire the temporal profile of these tagged compounds at the region of interest (ROI). Thus, an optimal scanning period was determinable for subsequent static study. Along with the half-life (t 1/2 =30 min) and the sufficient number of animals for statistical comparison, systematic PET scans were established with the static mode from 30 to 60 min postinjection. Thus, the activity-time curves for ortho-[ In vivo tracer blocking studies for CCA tumor-bearing rats
The in vivo binding specificity of a tagged compound is commonly assessed using a PET approach. 37, 38 We performed a (Table 2 ). However, marked variance was observed in the doses of 0 and 4 mg. The metabolism may be different between CCA rats and subsequently biasing the result (Figure 9 ). Because of the limited aqueous solubility, the relatively nontoxic solvent DMSO was used for dissolution. Therefore, to ensure animal survival, the maximal dose was limited to 4 mg, which may produce insignificant blocking.
To summarize the results, ROIs circled in 13 normal liver regions derived from eight rats, including CCA rats and normal rats, and blocking experiments for both, were compared with the ROIs circled in nine tumor regions derived from five CCA rats and blocking experiments. The tracer uptake by tumor and normal tissues was 1.16±0.07 (%ID/g) and 0.87±0.04 (%ID/g), respectively ( Figure 10 ).
Conclusion
The radiofluoro analog of the selective COX-2 inhibitor celecoxib, ortho-[ hot synthesis A bottle of gas containing a mixture of F 2 /Ne (0.9%) was used to fill an Al target chamber with a volume of 750 cm 3 to attain a pressure of 9.12 atm (134 psi), equivalent to 2.8 mmol of F 2 . Following bombardment with a beam line of deuterium of 8.5 MeV using an electric current of 40 µA for 2 h, the generated 18 F-F 2 gas was passed through a cartridge (5.6×35 mm) packed with a KOAc/HOAc (1:1.5) powder. 25 The volatile mixture CH 3 COOF/[ 25 min. The mixture was then concentrated under reduced pressure at 42°C for 2 min, 52°C for 2 min, and 65°C for 10 min to obtain an almost dry residue (0.1 mL). After mixing with aqueous 85% CH 3 CN (1.2 mL) for 2 min, the solution was passed through a 0.45 µm filter, and the filtrates were combined in a vial. The above procedure was repeated twice with aqueous 85% CH 3 CN (1.2 mL), and the two filtrates were combined in a new vial. An activity of 35.9 mCi in a volume of 2.2 mL was obtained 60 min postreaction. The complete mixture was subjected to HPLC purification with a flow rate of 3 mL/min using 70% EtOH (aq). The desired fraction at t R =19.97 min was collected. The isolated fraction was further identified with respect to its purity by using an analytic HPLC system. The retention time of 7.80 min corresponds to 99.92% radiochemical purity. After concentration under reduced pressure at 70°C, the obtained residue was mixed with DMSO (0.3 mL) and transferred to a plastic tube (3 mL).
The mixing and transferring procedure was repeated three times, and further washes with saline (0.1 mL×4) and DMSO (0.1 mL) were carried out. The total wash volume (~1.5 mL) was combined in a tube as a stock for subsequent animal PET tests and radioligand-binding assays. A radiochemical yield of 9% (10.5 mCi) was obtained from the starting radioactive mixture (120 mCi) after 2 h and 10 min of decay correction (end of synthesis). An appropriate volume (0.1-0.3 mL) of the stock solution in a mixture of DMSO/saline (10:4) was drawn for each PET study to ensure a dosage of 0.6 mCi.
cold synthesis of ortho-F-1
The same procedure was as described for ortho-[ Figure 9 The dose-response curve for the cca rats in the presence of the competitor celecoxib. Abbreviations: CCA, cholangiocarcinoma; T/N ratio, tumor-to-normal ratio. of CCA cells has been reported earlier. 33 The COX-2 expression pCDNA3 plasmid was obtained as a gift from Shyue, Song-Kun Lab, Institute of Biomedical Sciences, Academia Sinica, Taipei, Taiwan. The transfection with COX-2 expression pCDNA3 plasmid using lipofectamine (Thermo Fisher Scientific, Waltham, MA, USA) was according to the manual protocol and selected by Geneticin (Thermo Fisher Scientific). The concentrate of ortho-[ 18 F]F-1 generated from hot synthesis (3-5 mCi) was diluted to 1 mL using DMSO. An aliquot of 0.2 mCi was mixed with 20 mL of H 2 O in a polypropylenebased reservoir as shown in Figure S1 and Table S1 . The two cells were seeded in a 96-well microtiter plate as a population of 10,000 per each well. An aliquot of 20 µL was transferred to each of the wells through a multichannel pipette, and the plate was placed on a water bath at 37°C. After various time points, the medium of each of the corresponding wells was removed, and 200 µL of distilled water was added for washing the residual medium. All the media were discarded. At 2 h postreaction, the cell pellets from all time points were detached by using 200 µL of 4N HCl (aq.), and the mixture each was transferred to a counting tube. After addition of H 2 O (2 mL), these tubes along with those tubes of in vitro blocking tests as described subsequently were counted by using a gamma counter made by 2470 Automatic Gamma Counter (PerkinElmer Inc., Waltham, MA, USA). The data were obtained in quadruple.
In vitro tracer blocking assay
A mother liquor of 50 mM of celecoxib in DMSO (2 mL) was first prepared in an Eppendorf tube. After dilution of an aliquot of 0.2 mL with 1.8 mL of aqueous DMSO (60%, v/v), the most concentrated competitor celecoxib (5 mM) was obtained. The subsequent serial dilution using H 2 O in 10-25-fold gave the next six samples, sequentially, with concentrations of 250 µM, 10 µM, 1 µM, 100 nM, 10 nM, and 1 nM. Each of the seven samples (100 µL) and ortho-[
18 F]F-1 (100 µL), derived from 0.2 mCi in 20 mL of H 2 O, were mixed in a polypropylene-based 96-well plate as shown in Figure S2 and Table S2 . An aliquot of 20 µL of the mixture was transferred to each well of a cell-seeded 96-well microtiter plate, as described earlier. The concentration of celecoxib in the well of the plate was automatically diluted to 20-fold based on the presence of 200 µL of medium corresponding to 250 µM, 12.5 µM, 0.5 µM, 50 nM, 5 nM, 0.5 nM, and 0.05 nM. After standing at 37°C for 10 min, multiple mediums were removed using a multichannel pipette. The subsequent washing and removal of the attached cell pellets followed the same procedure as that described for tracer accumulation protocol. The data were obtained in quadruple.
Radioligand-binding assay
An aliquot of COX-1 (80 µL, 1,600 units), COX-2 (200 µL, 1,560 units), or m-prostaglandin E synthase (125 µL, 275 units) was drawn from each of the respective commercial products and added to a plastic tube. Volumes of 1,920, 1,800, and 220 µL of Tris buffer (0.1 M, pH=8.0) were added to obtain a working concentration equivalent to 68 units/85 µL. A volume of 85 µL/well of the stock solution was added to a 96-well microtiter plate, followed by addition of the competitor celecoxib (10 µL) at concentrations of 0.002, 0.2, 2, 150, 400, 3,000, and 24,000 µM to yield a 10-fold dilution to produce final concentrations of 0.0002, 0.02, 0.2, 15, 40, 300, and 2,400 µM, respectively. The radiotracer solution of ortho-[ 18 F] F-1 was prepared as a stock solution in EtOH (2×10 6 Bq/mL) obtained from the desired fractions after HPLC purification, and 5 µL (10,000 Bq) was added to each well. After standing for 10 min, the mixture in each well was transferred through pipette to a silica cartridge (Sep-Pak; Waters, Milford, MA, USA) followed by pumping through a blood pressure ball. The procedure was repeated by adding another portion of EtOH (0.5 mL). The two eluted portions were combined. The cartridge and filtrates were individually counted using an autogamma counter. The counts from both phases were used to deduce the binding percentage from the formula: counts (solid)/[counts (solid)+counts (effluents)]×100 (%). in vitro tracer uptake assay Animals were fed regularly after recovery from anesthesia. They were carefully monitored with respect to the feeding quality, interaction, and symptoms of dystrophy. The animal care unit checked for abnormalities such as a feeding intake ratio 50% in 72 h, hind leg paraparesis, or a weight loss 20%. If the abovementioned situations occurred, the animal was sedated with isoflurane and xylazine hydrochloric acid and euthanized by CO 2 and intravenous xylocaine (200 mg).
Induction of CCA through administering TAA has been well characterized. 35 Briefly, oral administration of TAA in drinking water to male SD rats results in a multistep model of biliary dysplasia and invasive CCA, which closely mimics human disease. Similar to preneoplastic lesions described in human CCAs, the rat cholangiolar epithelium displays a phase of progressive "biliary dysplasia" preceding invasive cancer. In addition, both the precancerous and neoplastic biliary epithelia demonstrate foci of intestinal metaplasia (goblet cells), another well-known feature of the human counterpart. The strong, diffuse expression of biliary cytokeratin (CK19) confirms the bile ductular ontogeny of the neoplastic cells. The course of events is fairly reproducible using this carcinogenesis model, with a 50% yield rate of invasive CCA by the 16th week; by the 22nd week, the yield of invasive CCA is 100%. Notably, the occurrence of biliary dysplasia and invasive CCA precedes the development of hepatic fibrosis by 4 weeks, arguing against a "secondary" biliary proliferation in response to cirrhosis.
small-animal PeT imaging study of ortho-[

F]F-1
In vivo PET studies of ortho-[
18 F]F-1 were performed using TAA-induced CCA rats (n=5 at 37 weeks postadministration) and using normal rats as a control (n=3). 32, 35 These studies were performed at Taipei VGH. The rats were anesthetized through isoflurane inhalation (Forthane; Abbott Laboratories, Abbott Park, IL, USA) in oxygen (200 mL/min) during the imaging study.
A RODENT microPET R4 scanner (Concorde Microsystems Inc., Knoxville, TN, USA) was used for the smallanimal PET scanning study. The crude data generated from the PET study were further processed using the Preclinical Multi-Modality Data Analysis software (ver 3.2; PMOD Technologies Ltd, Zurich, Switzerland).
For the dynamic PET study of ortho-[
18 F]F-1 (one CCA rat and one normal rat), the rats were first anesthetized with 3%-4% isoflurane, and the liver was positioned in the center of the field of view. After injection of 22.2±1.0 MBq of ortho-[ 18 F]F-1 through the tail vein, a 1-h dynamic PET scan was performed to collect 10-min frames six times for each animal. The 10-min frames were either analyzed directly or binned together to obtain a 30-60-min scanning set. The six frames were used to plot activity-time curves with respect to the ROIs covering either the tumor sites or the adjacent normal regions vs the time course. The binned data sets from frame 4 to frame 6 could additionally serve as one static image frame (30-60 min). The static imaging mode was obtained from the imaging data over 30-60 min postinjection for both the tracer distribution study of CCA rats (n=4) and normal rats (n=2) and the blocking study of CCA rats (n=4) and normal rats (n=1). As described in the next section, the PET studies encompassed three normal rats and five CCA rats. The obtained images were reconstructed using two-dimensional ordered subset expectation maximization (OSEM 2D) and processed by PMOD 3.2 imaging analysis software. ROIs were drawn over the tumor with a threshold (maximum intensity minus minimum intensity)×50% and over the normal liver region. The average intensity in the ROIs was measured. Assuming a tissue density of 1 g/cm 3 , the unit of the ROIs (kBq/cm 3 ) was converted to microcuries per gram and then divided by the administered activity to obtain an image ROI-derived percentage of the injected dose per gram of tissue (%ID/g).
PeT study of ortho-[ 
